Abstract
A better understanding of soil organic matter (SOM) biogeochemistry is critical to meeting the environmental challenges that we face currently with the changing climate. Humic substances obtained from alkaline extractions of soils have played a predominant role in developing our knowledge of SOM chemistry and behavior during the 20th century. Recently, there have been new important developments that, according to some researchers, may be used to argue against the existence of the humic substances in soils as they are presently defined. A debate on the definition and continued use of the term "humic substances" has been taking place at conferences and in the scientific literature. However, because a consensus has not been reached on this important topic, the use of the term "humic substances" in this special issue conforms to the current existing definition of this term. This special issue of the Journal of Environmental Quality includes 10 papers on the subject of "Alkaline Extraction of Soils and Natural Waters to Understand Environmental Processes" and contributes to the ongoing assessment of the role of humic substances in current and future soil, environmental, and ecological studies. The contributed papers are grouped into three broad subject headings: (i) chemistry of humic substances, (ii) humic substances in environmental processes, and (iii) case studies and reviews of humic substances. Continued progress in understanding SOM and C biogeochemistry is essential to achieve long-term ecological, environmental, and agricultural sustainability through the development of management strategies that conserve soil C and reduce the reliance on chemical inputs for meeting crop nutrient needs.
Current Understanding of the Use of Alkaline Extractions of Soils to Investigate Soil Organic Matter and Environmental Processes
Tsutomu Ohno,* Nancy J. Hess, and Nikolla P. Qafoku S oil organic matter (SOM) is recognized for its role in controlling and influencing numerous soil properties and critical ecosystem services. Globally, SOM stores an estimated 1460 Pg of carbon (C), which is greater than the combined C storage of the atmospheric and vegetative pools, 760 and 560 Pg, respectively (Lal, 2008; Scharlemann et al., 2014) . Soil organic matter is a chemically complex, heterogeneous mixture of thousands of biotically and abiotically processed molecules, and this complexity has led to the use of different approaches for studying its reactions in soils. A predominant approach to reducing the complexity has been through the use of an operationally defined, alkaline extraction to isolate SOM on a pH solubility basis into humic and fulvic acids to represent natural organic matter in chemical studies (Hiemstra et al., 2013; Montalvo and Smolders, 2019) . These humic and fulvic acids are thought to be primarily high-molecular-weight aromatic molecules formed through polyphenol polymerization reactions (Stevenson, 1994; Sparks, 2003) that occur in natural ecosystems. Briefly, soil microbial exoenzymes attack plant biomass lignin, and this produces smaller, partially decomposed lignin oligomers. Oxidation of these polyphenols results in the formation of unstable quinones, which may undergo polymerization to form the high-molecular-weight humic substances. In a microcosm study, Schnecker et al. (2019) show that plant litter quality regulates enzyme activities, microbial respiration, and dissolved organic C concentration. Soil treatments with low C concentrations were dominated by high levels of protease and oxidative enzyme activity, whereas at higher soil C concentrations, the celluloytic enzymatic activity was dominant.
Alkaline extraction of soils has been used, in part, because it leads to a high recovery (up to 80%) of total soil C (Stevenson, 1994) . Studies have shown that stabilization of SOM is predominantly through its association with soil metal (oxy)hydroxide mineral phases (Mikutta et al., 2006) . This association is likely to involve the formation of stable complexes between acidic functional groups of SOM and metal (oxy)hydroxide mineral surfaces, which have a preponderance of surface hydroxyl groups. Although the sorption of organic matter to mineral surfaces is likely to involve multiple adsorption mechanisms such as ligand exchange, calcium (Ca 2+ ) bridging, and van der Waals interactions, the predominant mechanism has been reported to be the ligand exchange reaction (Chorover and Amistadi, 2001; Mikutta et al., 2007) . In the alkaline extraction for humic substances, the hydroxide anion undergoes ligand exchange with the adsorbed SOM molecule to release it from the surface into solution for subsequent isolation steps. However, recent reviews have questioned both the existence of humic substances external to laboratory soil extraction, and their appropriateness as a proxy for SOM (Kleber and Johnson, 2010; Lehmann and Kleber, 2015) . Concurrently, a new paradigm views SOM as consisting of low-molecular-mass molecules assembled through a network of hydrogen bonding and hydrophobic interactions (Sutton and Sposito, 2005) .
Questions regarding the validity of using humic substances in environmental research led to the publication of two invited review articles in the Journal of Environmental Quality offering divergent views on the role of humic substances in research. Olk et al. (2019b) presented their rationale for the relevance of humic substances in environmental studies, whereas Kleber and Lehmann (2019) expanded on their questioning of humic substances in the current state of knowledge regarding SOM. This recent controversy surrounding humic substances has been intense and passionate on both of the respective viewpoints. In an accompanying preface, Janzen (2019) noted that the outcome of a respectful discourse on this subject matter is likely to lead to a future with a clearer understanding of SOM. Likewise, a commentary by Myneni (2019) provided the perspective that studies using alkaline-extracted SOM have provided important clues to the chemical nature of SOM, but that researchers need to be aware of its limitations in providing a comprehensive understanding of its nature and dynamics in the ecosystem.
Overview of the Special Section
Soil organic matter and humic substances are both the focus of diverse and wide-ranging research fields that cannot be fully captured in a set of two invited review articles. To provide fuller coverage of the areas encompassing humic substances research, this Journal of Environmental Quality special section of articles represents the current state of knowledge on the use of alkaline extracts to understand environmental and ecological processes. In this section, we highlight key findings from the 10 papers presented. For organizational purposes, we have grouped the articles under three broad subject headings: (i) chemistry of humic substances, (ii) humic substances in environmental processes, and (iii) case studies and reviews of humic substances. Khatami et al. (2019) studied the fate of lignin in soils and investigated how fungi transformed lignin in soil during humification. In their experiments, they used a naturally brown-rotted wood, which was subject to fungal degradation by the white-rot fungus Phanerochaete chrysosporium. The results of both Fourier transform infrared spectroscopy and ultrahigh-resolution mass spectrometry showed that fungal degradation transformed lignin-derived aromatic molecules and simultaneously created many new aliphatic molecules. The majority of these newly formed aliphatic molecules were chemically different from aliphatic molecules that were already present in the lignin precursor extract and in the P. chrysosporium biomass. The authors claim that humification by fungi in soil transformed lignin to humic substances with a predominantly aliphatic nature. These findings demonstrate that aromatic and aliphatic structures can be formed from humification of lignin by fungi. Hatcher et al. (2019) use solid-state 13 C nuclear magnetic resonance (NMR) to compare spectral features of humic substances extracted from three different peat soils to those of the corresponding untreated peat soils. The alkaline extractions were prepared using a modification of the International Humic Substances Society (IHSS) protocol. The solid-state 13 C NMR showed strong similarity in the humic compounds extracted across the three peat soils. Furthermore, a simple biopolymer mixing model was used to reconstitute two of the untreated peat soil spectra using a linear combination of the extracted components. Hatcher et al. (2019) conclude that these results demonstrate that extracted compounds are components of the untreated peat soil and are not artifacts of the extraction protocol. Chen et al. (2019) used solid-state 13 C NMR analysis to evaluate potential changes to SOM chemical composition after alkaline extraction. The experimental design used sodium hydroxide extractions of three model organic matter sources (cellulose, lignin, and peat). The study showed that new aromatic, olefinic, and carboxyl C structures were found in the alkaline extraction of cellulose. The extraction of lignin showed that the solubilized components were predominately aromatic C-O, aromatic C, and methoxy functional groups, suggesting that free phenolic monomers were extracted by the alkaline extraction. For the peat samples, alkaline extraction increased the COO/NCO and sp 2 -hybridized C while the carbohydrate C pool decreased. The authors conclude that some chemical reactions occur during alkaline extraction and that researchers who use these extractions should consider these possible alterations when the results are interpreted. Sherrod et al. (2019) used 15 well-characterized soils from the North American Proficiency Testing Program with a range of soil pH from 5.5 to 8.2 and SOM content from 0.8 to 4.6% to determine how traditionally defined humic substances (humic acid, fulvic acid, and humin) relate these to chemical and biological pools of soil C that are thought to be more sensitive to management effects. The more sensitive fractions include water-soluble C, soil microbial biomass C, permanganate-oxidizable C, and particulate organic matter C. The results of this assessment show that the alkaline-extracted humic substances were not as sensitive indicators of changes in soil C as the water-soluble, microbial biomass, and particulate organic matter C pools. Fulvic acid was positively correlated with both permanganate-oxidizable C, considered to be a fast-cycling labile or dynamic C pool, and the passive C pool defined as the mineral-associated organic C minus the water-soluble C pool. Although the humic substance fractions were related to the more sensitive, labile pools of soil C, the authors concluded that there was no advantage to using the alkaline-extracted C pools to get a better understanding of how soil management treatments affect the protected pools of soil C.
Chemistry of Humic Substances

Humic Substances in Environmental Processes
The study by Pinos et al. (2019) evaluated the interaction between humic substances extracted from three different materials (an Organosol [HS-Org], an Andisol [HS-And], and vermicompost [HS-Vc]) and the arbuscular mycorrhizal fungus (AMF) Dentiscutata heterogama and studied how this interaction affected corn (Zea mays L.) growth. Humic substances were characterized by spectroscopic techniques and biochemical, morphological, nutritional, and AMF colonization parameters were evaluated in corn plants. The results of the greenhouse experiment showed that humic substance application and D. heterogama inoculation significantly stimulated the biomass. Carbohydrate and protein content and the leaf content of nutrients were greater due to HS-AMF interaction. Application of HS-Vc and AMF inoculation resulted in a high mycorrhizal efficiency. The soil spore density and glomalin content were also stimulated by the three different humic substance applications. The HS-Vc had intermediate structural chemical characteristics in terms of polarity and aromaticity compared with HS-Org and HS-And. Importantly, HS-Vc affected corn plant physiology more positively when combined with the AMF inoculation. Suddarth et al. (2019) designed a 2-yr field study during severe drought conditions in the northeast semiarid region of Brazil to understand the combined effects of saline irrigation and application of organic C amendments on the Oxisol soil composition and passion fruit (Passiflora edulis Sims f. edulis) productivity. It is commonly believed that the addition of an organic amendment such as humic substances can mitigate the impact of drought by increasing soil water-holding capacity and improving soil structure. To explore this hypothesis, two organic amendments, a bovine manure and the commercial product (Humistar), and two irrigation water salinity levels were evaluated. Soils were sampled to a depth of 40 cm at the end of crop production cycles twice a year, and multiple chemical analyses were run to evaluate the impact on soil chemistry. Both organic amendments resulted in increased soil salinity regardless of the salinity of the irrigation water. Suddarth et al. (2019) conclude that addition of organic amendments had no benefit during severe drought and saline water irrigation.
Because many relevant studies have relied on the use of commercially available humic substances and/or synthetic humic analogs, Wilmoth et al. (2019) conducted an anoxic incubation study to investigate the regulatory and catalytic effects of increasing concentrations of site-specific (i.e., native) humic acid in an Appalachian upland soil that experienced oscillating redox conditions. Extracted native humic acid was characterized using 13 C NMR, Fourier transform infrared spectroscopy, and total CHNS elemental analyses. Results presented show that native humic acid was relatively enriched in aromatic and amino acid C. Increasing concentrations of native humic acid added at the start of soil incubations led to higher rates of carbon dioxide (CO 2 ) emission and microbial iron(III) [Fe(III)] reduction. In addition, Wilmoth et al. (2019) conducted experiments with a synthetic humic acid-analog containing 0.2 g anthraquinone-2,6-disulfonic acid (AQDS) kg −1 dry soil to investigate catalytic electron cycling by native humic acid and AQDS. Results suggested that the buildup of native humic substances, which are relatively rich in aromatic and amino acid C, led to globally relevant increases in CO 2 emissions, the redox cycling of Fe, and increased the availability of organic phosphorus (P) after transition to anaerobic conditions. Case Studies and Reviews of Humic Substances García et al. (2019) provide a broad review of the recent spectroscopic and functional analysis of humic substances extracted from tropical soils that suggest that the characteristic spectral signatures indicate that they are composed of unique structural and chemical moieties. Furthermore, they present results on humic substance treatments indicating that these are responsible for the phenotypic responses observed in plant studies. Although methodologies reviewed for structural characterization are limited to solid-state 13 C NMR, the ability of microscopy and enzyme tags to spatially associate these substances on plant tissues are also reviewed. Additionally, García et al. (2019) discuss various chemical processes, such as regulation of reactive oxygen species, stimulation of enzymatic activity, and quenching of stress signaling in plants that result in enhanced plant growth. Their work puts a specific emphasis on root system architecture and emergence of lateral roots, as well as impacts on gene regulation of the observed metabolic response. Olk et al. (2019a) expand on their invited review (Olk et al., 2019b) with additional case studies in which humic substances were used to investigate environmental and agricultural issues. A highly important environmental quality issue, which affects >50 million people in Southeast Asia, is toxic levels of arsenic (As) in groundwater sources. Studies show that dissolved humic substances have high electron shuttling capacity to participate in a redox cascade that releases As associated with Fe oxides when they undergo reductive dissolution driven by microbial respiration of available organic substrates in the groundwater. Another issue that affects human health is the role of prions in transmissible spongiform encephalopathies. Prions are misfolded proteins, and work with humic substances has shown that they reduce the risk of horizontal transmission from soil ingestion by animals. The reduction in the infectivity of prions in the presence of humic substances is like to be electrostatically driven encapsulation between negatively charged humic molecules and positively charged prions.
Iron deficiency of crops is a significant issue for crop production in areas with calcareous soils. The authors review solutionculture studies demonstrating that the combination of Fe and humic or fulvic acids resulted in higher plant biomass production and leaf chlorophyll content as compared with treatments with Fe alone. The ability of humic substances to form complexed species that are bioavailable for plants is likely the responsible mechanism for increasing Fe availability in high pH soils. Another agricultural case study demonstrated that the mobile humic acid fraction can reduce potassium (K) fixation by vermiculitic soil minerals and increase the K uptake in crops grown on these soils. It is suggested that the abundant amino groups of mobile humic acids interacting with the interlayers of the vermicultic soil minerals reduce the fixation of the K + ions present in the soils. Wells (2019) provides a review of the role of supramolecular associations of smaller biomolecules as the mechanism responsible for humic substances. The hypothesis considered is that hydrogen (H) bonds from weak to very strong contribute to the intrinsic recalcitrance of natural organic matter supramolecular assemblages. Additionally, the author presents data using multiple analytical methods (field-flow fractionation, fluorescence spectroscopy and parallel factor [PARAFAC] analysis, and dynamic light scattering) to investigate whether distinct classes of chemical compounds exist in humic substances. The results show that the quasi-particle fluorophores that are statistically derived in the PARAFAC approach may provide an avenue for addressing the similarity or dissimilarity between different pools of SOM.
Conclusions
The concept of humic substances has served the soil science community well over the past 60 yr. Both the operational definitions and conceptual framework for decay processes have enabled researchers in crop and soil management science to make real-world decisions about the types and amounts of amendments needed to improve crop performance and soil health. These concepts have also allowed researchers to discuss and communicate using terminology that is transferable and understood internationally across many soil types and across many ecosystems. Many important contributions have been made and will continue to be made based on these concepts.
These concepts were developed prior to recent and emerging insights into the molecular detail of soil and natural organic matter chemistry, microbial metabolic processes, and interactions of organic matter with mineral surfaces and soil aggregates that are involved in the cycling and stabilization of organic matter in the environment. These insights have led to the development of new concepts and predictive models about the biogeochemical mechanisms that operate in soil. Although the complete details and understanding continue to emerge, it is an exciting time, and the soil science community is in the midst of a transition where both traditional concepts and new conceptual frameworks are finding areas of agreement, as well as disagreement. As with other fields of science that have experienced such upheavals, it is important to consider new information with an open mind and to reflect on the contributions of early research.
Better understanding of soil processes involving SOM is critical to humankind adapting to the rapidly changing climate. Looking to the future, complex environmental and ecological issues will probably be best approached with an interdisciplinary collaboration of soil science researchers and those in related disciplines such as ecology, chemistry, and geosciences. We hope that the articles in this special section provide a glimpse of the state of current humic substances research, specifically how humic substances fit into studies that address current and emerging environmental quality issues. It is clear that progress needs to be made in understanding soil C biogeochemistry to achieve long-term ecological, environmental, and agricultural sustainability.
